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Suimary 

Tests  have  been  made  tc  establish  whether  a pitot  rake  could  be  used  as  an 
absolute  measure  of  the  thrust  of  a jet  engine  on  the  ground  and  in  flight. 

The  tests  were  made  to  investigate  errors  due  to  the  assumptions  inherent  in 
the  single  pitot  method  of  estimating  thrust  in  flight,  and  to  establish  if  a 
rake  can  be  used  to  calibrate  the  single  pitot  of  an  uncalibrated  engine  installed 
in  an  aircraft.  The  tests  were  also  planned  to  check  the  generally  accepted 
non-dimensional  thrust  relationship  for  jet  engines. 

The  tests  were  made  on  Derwent  5 engines  installed  in  Meteor  4 aircraft. 

The  tests  covered  a wide  range  of  flight  conditions  and  included  test  bed 
measurements  on  bare  engines  and  later,  measurements  of  exit  static  pressure. 
Although  the  tests  could  not  all  be  made  on  the  same-  engine,  the  same  final 
nozzle  was  used  in  all  the  main  tests. 

The  main  conclusions  were:- 

(1)  Static  tubes  must  be  incorporated  in  the  pitot  rake  to  give 
absolute  thrust  measurements  and  even  so  a discrepancy  of  2%  requires 
further  investigation. 

(2)  The  single  pitot  method  of  estimating  flight  thrust  based  on  engine 
test  bed  calibration  was  in  error  by  as  much  as  6/  due  to  changes  in  total 
pressure  sampled  by  the  single  pitot  and  in  the  magnitude  of  the  exit  static 
pressure  between  calibration  and  test  conditions. 

Using  the  pitot  static  rake  to  calibrate  the  single  pitot  of  an  installed 
engine  introduced  flight  thrust  errors  no  larger  and  possibly  smaller, 

(3)  Non-dimensional  thrusts  at  35,000  ft.  were  some  7%>  lower  than 
corresponding  thrusts  at  5,000  ft. 

Further  tests  are  required  to  establish  the  magnitude  of  -Dhese  effects  on 
other  engine  types. 
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1 • Introduction. 

It  is  desirable  in  all  flight  performance  tests  on  turbo  jet  aircraft  to 
measure  the  engine  thrust.  This  is  required  firstly  to  check  that  the  engines 
are  in  flight  developing  the  thrust  which  is  expected,  and  secondly  the  thrust 
is  required  so  that  the  aircraft  drag  can  be  obtained  from  the  performance 
aquation.  Such  routine  thrust  measurements  are  desirable  because  differences 
in  thrust  between  nominally  identical  engines,  and  even  differences  in  thrust 
during  the  life  of  a particular  engine  cannot  be  neglected. 

The  desirable  requirements  of  any  method  of  thrust  measurement  to  be  used 
at  A.&  A.E.B,  are  as  follows  (Ref.l). 

(1)  The  installation  must  have  a known  or  negligible  effect  on  flight 
performance,  sinee  the  performance  of  a standard  aircraft  is  being  dealt  with. 

(2)  The  method  should  have  an  accuracy  of  +_  if  possible. 

(3)  The  installation  must  be  capable  of  retrospective  embodiment,  without 
major  modification,  in  any  type.  Test  bed  calibration  of  en  engine,  as  in 
the  single  pitot  method,  would  come  under  the  category  of  major  modification, 
sinee  test  aircraft  may  arrive  at  this  Establishment  with  an  uncalibrated 
engine  fitted. 

(4)  The  additional  instrumentation  required  should  not  preelude  the  use 
of*  the  normal  performance  automatic  observer  in  an  aircraft  in  which  space  is 
limited. 


(5)  The  method  should  preferably  give  a direct  measurement  of  the  gross 
thrust  and  not  involve  considerations  of  thrust  on  engine  bearers,  since 
retroap ective  embodiment  would  be  very  difficult  and  also  accurate  measurements 
of  air  intake  efficiency  would  be  necessary  (Ref,  2). 

(6)  It  should  if  possible  be  suitable  for  use  with  reheat. 

The  normal  method  used  to  date  to  measure  jet  thrust  in  flight  has  been 
the  well  known  "single,  pitot"  method  (Ref. 3).  This  method  meets  requirements 
*1,  A and  5,  but  it  has  the  disadvantages  firstly  that  its  accuracy  is  not  known 
precisely  due  to  lack  of  information  on  the  assumptions  inherent  in  the  method, 
and  secondly  that  full  test  bed  thrust  calibrations  are  required  for  each 
engine  used  for  performance  flight  tests. 

To  overcome  these  shortcomings  of  the  single  pitot  method,  it  was  decided 
to  investigate  the  assumptions  of  the  method,  and  to  try  to  develop  a simple 
method  of  calibrating  the  single  pitot  which  would  be  independent  of  test  bed 
measurements. 

It  will  be  convenient  at  this  point  to  re-examine  the  basis  of  thrust 
measurement  by  momentum  methods,  and  in  particular  point  out  the  assumptions 
made  in  the  single  pitot  method.  This  has  been  done  more  fully  in  Appendix  1 
to  which  reference  should  be  made  for  details. 


The  basic  equation  for  nett  thrust  in  flight  is 
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(1) 


where  only  the  internal  flow  through  the  engine,  M,  is  considered,  and  the 
plane  6 is  chosen  where  the  static  pressure  is  zero  for  subsonic  jets,  or 
a]  tentatively*  where  the  throat  occurs  for  supersonic  jets.  (Ref ,4). 


lunllarly  the  gross  thrust  in  flight, 
given  by 

X,  * HT  * <p6  - V a6 


on  the  ground  or  ori  a test  bed  is 


(2) 


/and  for. . 


teat  bed 

and  for  the  test  bed  X = the  thrust  measured  on  the/ thrust  meter. 

In  flight  it  i3  necessary  to  make  measurements  at  the  jet  exit  in  order  to 
define  the  internal  flow  boundaries.  Assuming  that  raxing  losses  between 
plane  5 and  6 ere  negligible  the  expression  for  gross  thrust  is  then 
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(3) 


and  all  quantities  in  (3)  can  be  calculated  given  the  total  and  static  pressure 
at  the  jet  exit, and  assuming  isentropic  flow  from  plane  5 to  6.  Thrusts 
would  be  estimated  from  equation  (3)  from  pitot  static  rake  measurements. 


If  the  assumption  is  made  that  Pg  = Pg  i.e.  that  the  vena  contraota 
or  throat  occurs  at  the  jet  exit. 

Then  X * — + (Pg  - Pq)  A^  

from  which 

X ,Hg 

m = Pi  


(4) 


(5) 


where  p-j  is  known  (see  Equation  »+  of  Appendix  1) 

Thrusts  would  be  calculated  from  Equation  4 fiom  measurements  with  a pitot 

sake. 

In  all  equations  (l)  to  (5)  it  is  assumed  that  an  integration  over  the 
internal  flow  cross  aeotion  will  be  made  if  conditions  are  net  uniform. 

In  the  single  pitot;  method  a further  assumption  is  made  that 
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where  Hr  is  the  single  pitot  total 

pressure 


(6) 


(7) 


and  combining  (5)  and  (6)  gives 

- '3  (^)  a <£) 

Hr  Xt  X 

A jjsst  bed  calibration  provides  measured  values  of  and  p-  = jj~  from 

which  the  effective  area  Af ' = A.gFg  (pt)  is  determined,  and  hence  equation  (7) 

is  used  to  determine  gross  thrusts  in  flight. 

To  summarise,  the  assumptiors  in  the  single  pitot  method  refer  to  flow 
conditions  in  the  final  nozzle  exit  and  are:- 

(1)  The  relation  between  St  and  i.e,  the  total  pressure  distribution 

r o *0 

is  the  same  on  the  test  bed  and  in  flight. 

(2)  The  relation  between  ar.d  , i.e.  the  final  nozzle  static 

o o 

pressure  is  also  the  same  on  the  test  bed  and  in  flight, 

(3)  It  is  necessary  to  extrapolate  values  of  Af'  obtained  on  the  teat  bedi° 

higher  values  of  pressure  ratio  only  obtainable  in  flight. 
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Measurements  have  therefore  been  made  of  total  head  distribution  and  static 
pressure  ir.  the  final  r.czzle  of  Derwent  5 engines  when  installed  in  a Meteor  4 
aircraft  both  on  the  grcur.d  and  in  flight,  and  also  on  the  bare  engine  cr.  the 
test  bed.  The  measurements  were  tede  usin’  pitet  and  pitot  static  rakes. 

It  was  thought  that  if  the  rake  method  proved  successful  as  an 

absolute  measure  cf  thrust,  it  could  be  used  to  calibrate  the  single  pitot  on 
the  ground  without  need  for  test  bed  measurements.  The  tests  were  also 
designed  to  check  how  closely  thrusts  measured  in  flignt  by  the  rake,  agreed 
with  the  generally  assumed  non-di ner.sicna  1 relationship. 

The  tests  were  first  planned  to  investigate  total  head  distribution  changes 
using  pitot  rakes.  The  importance  of  the  static  pressure  assumptions  was 
realised  later,  ar.d  separate  measurements  of  static  pressures  had  to  be  made  on 
another  Ketecr  4 aircraft.  This  has  complicated  the  analysis  cf  results. 

In  fact  the  tests  made  fell  into  the  following  three  phases 

Phase  1 . Engine  in  aircraft.  Tests  tc  measure  total  pressure  at  the 
single  pitot  and  pitot  rake,  both  static  cr.  the  ground  and  ir.  flight. 

Phase  2.  Engine  on  test  bed.  Measurements  of  thrust  by  balance  and  of 
single  pitot  and  pitot  rake  total  pressure.  This  revealed  a discrepancy 
between  the  thrust  measured  on  the  test  bed  balance  and  thrust  calculated 
from  the  rake  tctal  pressure  readings  which  was  ascribed  tc  the  jet  not  being 
fully  contracted  at  the  final  nozzle  as  is  assumed  conventionally  in  calculating 
thrust  from  pitot  readings. 

Phase 

Phase  3.  Engine  in  aircraft.  As  a result  cf/2,  measurements  were  made 
cf  static  pressure  at  the  final  nozzle  repeating  Phase  1 ground  ar.d  flight  test 
conditions.  These  values  of  static  pressure  enabled  a correction  to  be  applied 
tc  the  thrust  estimated  from  the  pitot  comb  in  Phase  1 tests. 

Paragraphs  2,  3 and  4 describe  ir.  detail  the  tests  in  Phase  1 , 2 and  3 
respectively.  The  combined  results  are  then  discussed  in  paragraph  5. 

2,  Phase  1 tests.  Total  head  measurements  engine  installed  in  the  aircraft 

The  Phase  1 tests  were  undertaken  tc  obtain  a comparison  between  thrusts 
measured  using  single  pitot  with  a test  bed  effective  area  calibration,  and 
the  thrust  obtained  directly  from  a total  pressure  traverse  at  the  final  nozzle 
exit  using  a pitot  rake.  The  tests  were  also  planned  to  give  information  on 
the  suitability  of  calibrating  a single  pitet  against  a pitot  rake  during  ground 
runs  of  an  engine  installed  in  an  aircraft,  and  to  check  the  validity  of_the 
non-dimensional  relationship  between  non-dimensional  thrust  X/p  and  N’/  by  a 
comparison  of  thrusts  measured  over  as  wide  a rr.ige  of  altitude  as  possible. 

When  the  tests  were  started  it  was  thought  that  flow  distribution  changes 
with  variation  ir.  flight  Mach  number,  Reynolds  number  and  altitude  would  be 
the  main  source  of  error  in  thrust  estimated  from  single  pitot  pressures  and 
the  teBtc  were  planned  to  show  up  such  changes.  It  was  later  appreciated 
that  departures  in  the  static  pressure  at  the  final  nozzle  exit  frem  the  values 
normally  assumed  could  not  be  neglected. 

In  this  account  of  Phase  1 tests  only  measurements  cf  total  head  will 
therefore  be  discussed,  and  the  fully  corrected  thrusts  estimated  from  the 
Phase  1 total  head  results  and  the  static  measurements  of  Phase  3 tests  will 
be  discussed  in  paragraph  3. 

2.1  Description  of  aircraft 

2.1,1  The  aircraft  used  for  the  Phase  1 gests , Meteor  PA, 420,  was 
a production  short  span  Meteor  F.  Mk.i. 

/ The  r i rcraf t. . 
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The  aircraft  was  flown  with  a 1 33  gallon  ventral  tank  fitted,  at  a normal 
take-off  weight  of  16,020  lb.  The  starboard  guns  were  removed  to  rsake  room 
for  a pressure  selector  mechanism. 

Since  cr,  the  flight  tests  the  pert  engine  was  set  to  give  the  correct 
intake  ran  conditions  on  the  starboard  test  engine,  the  weight  and  aerodynamic 
condition  of  the  aircraft  were  of  no  significance  provided  the  required  speed 
and  altitude  could  be  maintained.  It  ig  shown  later  (2.5.5)  that  the 
variation  of  intake  efficiency  with  incidence  was  very  small, 

2.1,2  Engine  details.  Meteor  HA. 420  was  fitted  with  two  Derwent  5 
engines.  Nos. 4044  and  if  Oh 5;  all  Phase  1 test  measurements  were  made  on  the 
latter  engine.  Prior  to  the  tests  the  engines  were  fully  calibrated  by 
Messrs,  Soils  Scyce  on  a test  bed  with  their  flight  jet  pipes  and  single 
pitets.  On  installation  in  the  aircraft  the  machined  final  nozzle  on  the 
test  engine  was  replaced  by  one  to  which  the  rake  attachments  were  fitted. 

2,2  Instrumentation 


2. 2. 1 Pitct  rake.  In  order  to  reduce  blockage  of  the  final  nozzle 

to  a minimum  the  rake  body  was  made  as  small  as  was  consistent  with  stiffness 
(If"  chord  x §")  and  was  positioned  3?"  behind  the  plane  of  the  final  nozzle, 
into  which  the  10  pitot  tubes  projected.  Pig,  2.  The  pitots,  spaced  as  she.,", 

in  the  figure,  were  O.D.  22  S.W.G.  square  ended  tubes,  sleeved  over  2/3 

of  their  length.  Stainless  steel  was  used  for  the  tubes,  and  all  parts  of 
the  rake  and  attachment  brackets.  The  rake  body  was  bolted  to  brackets  on 
the  final  nozzle  ring  which  could  be  attached  to  the  jet  pipe  ir.  various 
positions  giving  different  diametrical  positions  of  the  rake  (Fig.  1 ). 

The  attachment  brackets  were  given  a 5°  clearance  from  the  final  nozzle 
to  clear  the  jet  stream.  The  temperature  of  the  rake  measured  at  maximum 
revs,  on  the  ground,  using  them  i.idex  paint,  was  50C°C.  The  pitot  tubes 
were  brought  down  the  body  of  the  I’ake  to  the  outside  of  the  jet  pipe,  where 
they  connected  individually  with  copper  tubing  leading  to  a pressure  selector 
in  the  starboard  gun  bay. 

Ir.  the  course  of  the  tests  an  adjustable  pitot  tube  was  fitted  close  tc 
the  final  nozzle  wall  so  that  the  boundary  layer  thickness  could  be  measured. 
This  tube  was  connected  directly  tc  a pressure  gauge  in  the  auto  observer. 

The  frontal  area  of  the  pitot  tubes  and  of  the  rake  body  were  0, 06  and  3 
per  cent  of  the  final  nozzle  area  respectively. 

2.2.2  Selector,  Since  nc  space  was  available  in  the  auto  observer 
for  a separate  gauge  for  each  pitct,  a selector  was  used  to  relay  the  pressure 
from  each  tube  in  turn  to  a single  pressure  gauge.  The  selector,  c Belay  Box 
Mk.  5 (Ref.  No.  6K/23)  was  controlled  by  an  electric  timing  switch  which  when 
activated  selected  each  pitct  ir.  turn  to  the  gauge  for  half  a second.  At  the 
end  of  this  period  a photograph  was  taken  automatically  in  the  auto  observer. 

A delay  of  a quarter  of  a second  between  each  selection  gave  a total  cycle  time 
cf  1C  seconds.  The  switch  was  designed  to  complete  three  such  cycles  before 
shutting  off;  a doll's  eye  in  the  auto  observer  marked  the  beginning  cf  each 
cycle. 


During  the  initial  stages  cf  the  tests  a pressure  gauge  in  the  observer 
was  permanently  connected  directly  to  tube  No. 1 to  check  that  there  was 
sufficient  tine  fer  the  pressure  in  the  selector  gauge  to  build  up  to  give 
the  correct  pressure  reading  on  this  tube.  This  was  verified  during  initial 
test  flight,  and  it  was  assumed  that  the  pressure  in  the  other  tubes  (tubes 
were  identical  to  No. l)  was  also  being  correctly  recorded. 
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2.2.3  Other  instrume.  bation.  The  automatic  observer  contained  the 
following  instruments: 

A,  S.  I. 

Altimeter. 

3.S.I.  - Port  and  s tar  bool'd  engines. 

Jet  pipe  thermometer  - Port  and  starboard  engines. 

A.S.I.  connected  to  total  head  ring  in  the  starboard  nacelle.  This  ring 
had  ncles  facing  fere  and  aft,  and  neglecting  velocity  effects  in  the 
plenum  chamber,  gives  a mean  plenum  chamber  total  pressure. 

Diff srential  pressure  gauges  connected  tc  standard  pitot  and  static 
positions  in  jet  pipe,  and  to  rake  selector  switch. 

Clock. 

The  pilot  read  the  air  temperature  by  means  of  a balance'  bridge  thermometer, 
and  also  the  fuel  flowmeter. 

2.2.4  Pressure  .gauges.  The  pressure  gauges  used  for  this  work  were 

differential  gauges  using  the  aircraft  static  .as  a datum.  The  range  of  the 
instruments  was  -3  to  +20  lb/ so. in.  The  ranges  actually  covered  with  the  pitot 

tubes  during  the  tests  were: 

Ground  run  2.3  - 10  Ib/sq.  in. 

3,000  ft.,  runs  2,4  » 12  lb/sq.in. 

40,000  ft.  runs  1,5  - 4.3  lb/sq.in. 

The  accuracy  end  suitability  of  these  gauges  is  discussed 

in  Appendix  3, 

2. 3 Outline  cf  Phase  1 tests 

2.3.1  General.  The  programs  was  chcser.  tc  give  a comparison  of 
the  thrust  estimated  from  the  single  pitet*  and  from  the  pitot  rake  readings 
ever  as  wide  a range  of  operating  conditions  as  could  be  obtained  subject  to 
engine  and  airframe  limitations.  The  measurements  were  made  with  the  rake 
in  positions  designated  A,  B,  and  0 which  are  shown  in  relation  to  the  final 
nozzle  in  Pig.i, 

2.3.2  Programme  of  tests 

Ground  tests.  Readings  v/ere  taxer,  of  the  single  pitot  and  pitot  rake 
with  the  engine  running  at  stabilised  r. p.m.  under  static  conditions  when  .installed 
in  the  aircraft  on  the  ground.  The  aircraft  was  standing  normally  cn  its  wheels, 
and  the  tests  covered  the  full  r. p.m.  range. 

Flight  tests.  A complete  set  of  measurements  was  made  at  -each  of 
the  conditions  shown  in  Table  1 . 
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Table  1 


1 

1 Altimeter 

Vj/  kts. 

i 

1 M 

j V /5 T i 

i J 

! Ground  run 

"■  r ■"  1 

J 

j 

i 10,600  - i4,56cT 

1 by  500  intervals' 

i 5,000' 

1 

i 

i 

r 

2 Go 

u 

i 9250  ; 

l 10250  ! 

i 1 1 253 

j 12250  . ' 

yl  lj  ■ L 1 

! 

! 5,000* 
1 

| 

i 

; 412 

j .623 

l - 

1 11250 ^ 

j 12250 

1 3250  | 
1 14250  i 

r 

| 40,ooc 
! J5.*ooo  / . 

1 

1 

1 412 

i 

1 

1 

| .623 

1 

i 11250 

1 1225C  ! 

, 13250  ; 

! 14250  ! 

1 

! 40,000 

1 or 

7.C.  -OA.^  ♦ 
i 

1 

j 

! 477 

» 

l 

i 

1 .722 

i 

i 13250  i 

14250  j 

15250 

i 16250  ! 

It  will  be  seen  that  this  programme  gives  measurements  over  a coianon  range 
of  N/  ySf*  at  the  same  V-j/ ^/p/,  ^wo  extremes  of  altitude. 

It  was  originally  the  intention  to  include  a set  of  measurements  at 
25*000  feet,  but  these  were  omitted  after  the  first  rake  position  measurements 
had  been  made  as  it  was  evident  that  flying  time  on  the  calibrated  engine  would 

be  running  short  before  the  programme  was  completed. For  this  reason  it  was 

also  necessary  to  omit  some  of  the  readings  at  V±/  J p of  260  and  477  in  order 
to  ensure  a complete  range  at  the  Vp/v/p^  of  412  knots. 

After  completion  of  the  programme  at  the  first  two  rake  positions  it  was 
found  that  at  40,000  feet  the  required  indicated  airspeed  could  not  be  obtained 
at  the  lcwer  r.p.m,  with  the  port  engine  at  max.  r.p.ra.  Since  no  engine 
deterioration  was  evident,  this  change  in  performance  was  ascribed  to  airframe 
deterioration.  The  higher  altitude  tests  were  therefore  completed  at  35*000 
feet. 


2. 3«3  Flight  test  procedure.  To  complete  each  thrust  measurement, 

( which  involved  integration  of  pressures  at  three  comb  rositicns)  three  run3 
at  the  same  value  of  V±/  Jpo  and  N/  y©-)  had  to  be  made  on  three  flights,  so 
that  it  was  important  for  the  pilot  to  hold  steady  level  conditions  at  the 
selected  values  of  V-j/  Jpo  and  N/  J§\ , The  pilot  therefore  had  first  to 
measure  outside  air  temperature  at  a specified  A.S.  I.  He  then  had  to  adjust 
the ' starboard  engine  r.p.ra,  (on  which  the  thrust  measurements  were  made)  to 
give  the  correct  value  of  N/  which  he  read  off  a card  against  indicated 
air  temperatures,  while  controlling  Vj_/  at  the  required  value  by 

adjusting  the  port  engine  r.p.m. 

When  stabilised  flight  conditions  were  obtained  they  had  to  be  held  for 
some  30  seconds  for  the  photography  of  three  cycles  of  the  c abb  pressure. 

2,4  Results  cf  Phase  1 tests.  The  results  cf  the  single  pitot  thrust 
calibration  of  the  bare  engine  No. 4045  on  a Rolls  Royce  test  bed  made  prior 
to  installation  in  the  aircraft,  are  given  in  Table  6 and  the  resulting 
effective  area  Afx  is  plotted  against  fT/j/P0  in  Fig.  3.  This  figure  also 
shows  the  ratic 

Single  pitet  pressure 

N-p  Mean  tal  head  based  on  weighed  thrust 
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The  measurements  made  on  the  same  engine  installed  in  the  aircraft  in  both 
ground  and  flight  tests  are  given  in  Tables  2 to  5 where  the  results  for  each 
rake  position  are  tabulated  separately.  All  measurements  are  corrected  for 
instrument  error,  and  speeds  and  altitudes  for  pressure  errcr.  In  order  to 
assist  comparison  of  results  at  different  rake  positions  or  at  different 
altitudes,  flight  total  pressure  measurements  intended  to  be  at  the  same  ram 
ratio  or  Mach  number  but  actually  measured  at  slightly  different  Mach  numbers, 
are  also  quoted  corrected  tc  a common  Mach  number  by  the  method  given  in 
Appendix  2. 

Tables  2 to  5 also  show  calculated  values  of  thrust  but  these  will  be 
discussed  in  para.  5 since  the  results  of  Phase  2 and  3 are  also  concerned. 

Typical  distributions  of  total  pressure  across  the  final  nozzle  are  shown 
in  Pig, 4,  The  total  pressure  distribution  in  the  boundary  layer  in  the  ground 

i • uis  was  measured  but  those condi tkOiSJggEe  derived  from  the 
ground  level  results  at  the  same/Mach  numbers.  To^al/dastiibution  measurements 
i"  the  boundary  layer  in  flight  could  not  be  made  due  to  difficulties  in 
accurately  locating  the  probe  under  prolonged  conditions  of  vibration  and  heat. 

Fig. 5 shews  non-dimensional  thrusts  based  on  rake  measurements*  plotted 
against  N/  ./©-)  fer  the  three  rake  positions  and  includes  a later  repeat  run. 

A comparison  of  single  pitot  pressure  Hi  and_mean  rake  total  pressures  H5 
for  ground  and  flight  tests  is  shown  in  Pig.  c.  H5  was  obtained  by  meaning  rake 
total  pressures  on  a momentum  basis.  No  differentiation  between  the  three 
rake  positions  is  shown  in  Fig.  6 because  Pig. 5 demonstrates  that  the  thrust 
and  hence  the  mean  total  head  from  the  three  rake  positions  are  in  very  good 
agreement.  To  indicate  the  effect  of  total  head  changes  cn  calculated  thrust 
Pig.  6 also  shews  the  derivative  H J X , based  on  the  conventional  total 

X A H 

pressure  thrust  relationship.  (Equation  2,  Appendix  2 ). 

Measured  flip  ht/’int  ake  efficiencies  based  on  readings  of  intake  ring 
pressure  are  plotted  against  n/  /£•]  in  Fig.  7 (r.t  the  Mach  number  selected 
for  a check  of  the  engine  thrust  non-dimensional  relationship  at  5,000  and 
35,000  feet),  to  check  that  intake  conditions  at  the  two  heights  are  not 
materially  affected  by  differences  in  incidence  and  sideslip  angle. 

2. 5 Discussion  cP  Pha3e  1 results 


2. 5,1  Initial  test  bed  calibration.  The  effective  area  of  the  final 
nozzle  as  defined  in  Appendix  1 shews  the  normal  appreciable  variation with  engine 
pressure  ratio. 

2. 5- 2 Engine  deterioration  check.  The  single  pitot  measurements  raa.de 
at  the  first  and  last  positions  tested  are  in  very  .good  agreement  ar.d  provide  a 
ehock  that  no  significant  thrust  deterioration  took  place  during  the  Phase  1 
tests,  which  covered  the  period  July  - December,  1950. 

In  addition,  repeat  runs  for  rake  position  B (Fig, 5)  are  in  good  agreement. 

2.5*3  Total  pressure  distribution.  The  total  pressure  distribution 
at  the  final  nozzle  exit  shown  in  Fig. 4 is  comparatively  uniform  and  shows 
that  the  central  wake  from  the  conical  fairing  behind  the  turbine  wheel  has 
become  fairly  widely  distributed.  No  trace  could  be  detected  at  any  of  the 
rake  positions  of  a wake  from  the  four  struts  supporting  the  conical  fairing. 

It  is  also  significant  that  the  thrusts  estimated  from  the  three  rake  positions 
(see  Fig. 5)  were  in  very  good  agreement  showing  that  the  mean  total  pressure 
from  the  three  pitet  rake  traverses  must  also  agree  closely.  For  this 
particular  engine  and  jet  pipe  installation  it  is  therefore  seen  that  cne 
pitot  rake  traverse  would  give  an  adequate  sample  to  estimate  thrust.  A 
check  for  ether  installations  would  of  course  be  necessary. 

/It  is,. 
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Static  pressure  corrections  based  on  Phase  3 tests  have  been  included. 
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It  is  considered  that  the  differences  in  Reynolds  number  between  ground 
and  flight  conditions  would  have  a /effect  on  the  boundary  layez>  and  any  small 
inaccuracy  in  the  flight  boundary  layer  derived  from  ground  test  results,  would 
have  a negligible  effect  on  flight  thrusts  estimated  from  the  re.ke. 

2.5.4  Comparison  of  single  nitot  end  mean  rake  total  pressures.  Hit 
The  results  shown  in  Fig.  6 indicate  tha£  there  i3  saae  change  in  the  ratio  — 

with  change  in  test  conditions.  Thus  ^ higher  pressure  ratios  isH5 

H5  significantly  higher  both  under  ground 

installed  conditions  and  at  35,000  feet  than  at  5,000  feet.  These  differences 
due  to  changes  in  total  pressure  sampled  by  the  single  pitot  are  equivalent  to 
changes  of  thrust  of  the  order  of  3/C  The  relationship  between  the  measured 
points  and  the  derived  test  bed  curve  cf  Pig, 6 will  be  discussed  in  para. 5. 

2.5.5  Air  intake  efficiencies.  Fig.  7 shows  that  air  intaice  efficiencies 
at  M ;i  .62  at  5,000  and  35,000  ft.  do  not  differ  by  more  than  2$  which  would  be 
equivalent  to  an  increase  in  thrust  at  the  higher  altitude  of  the  order  of  5^ 
under  these  conditions.  Thus  the  comparison  of  thrust  at  the  two  heights 
required  for  a check  on  the  non-dimensional  relationship  will  not  be  vitiated 

due  to  the  effects  of  incidence  and  sideslip  on  air  intake  efficiency. 

3.  Phase  2 tests.  Test  bed  measurements  on  bare  engine  with  pitot  rake 

3.1  General.  In  order  to  check  the  validity  of  the  rake  thrust  •;  as 
being  an  absolute  measure  of  thrust  it  was  required  to  compare  test  bed 
thrustmeter  readings  with  the  thzust  derived  simultaneously  from  the  rake 
total  pressure  measurements.  It  was  also  required  to  check  that  the  presence 
of  the  rake  was  not  affecting  the  engine  operating  conditions  through  blockage 
of  the,  final  nozzle.  Tests  to  tills  programme  were  made  by  Rolls  Soyce  whose  help 
in  this  matter  is  acknowledged. 

Tests  were  made  on  a Derwent  5 engine  which  was  run  on  the  test  bed,  with 
rake  fitted  and  rake  removed,  under  otherwise  identical  conditions. 

3.2  Description  of  test  bed  and  instrumentation.  The  tests  were  made  on 
a Rolls  Royce  Sinfin  production  type  test  bed  which  was  equipped  with  a detuner 
silencer  and  a thrustmeter  of  the  weighing  type.  The  engine  used  for  the  teste 
was  Derwent  5 No, 3381. 

The  ihke,  single  pitot  and  final  nozzle  static  pressures  were  measured  on 
mercury  nanometers.  Normal  test  bed  instrumentation  was  used  for  other  engine 
measurements,  the  engine  r.p. n.  being  set  with  a stroboscope. 

Static  pressure  measurements  were  made  near  the  exit  of  the  final  nozzle 
on  four  wall  statics  fitted  at  90°  stations;  these  consisted  of  5"  O.D.  steel 
tubes  brazed  into  holes  in  the  final  nozzle  ring,  the  tubes  being  machined 
flush  with  the  inside  of  the  nozzle.  They  were  located  as  shown  in  Pig. 1, 

The  rake  was  otherwise  as  detailed  in  2,2.1.  (Phase  1). 

3. 3 Tests  carried  out 

The  following  tests  were  made: 

(i)  Full  rating  run  with  flight  nozzle  and  rake  fitted 
(ii)  " " " removed. 

In  each  case  full  engine  measurements  of  thrust,  r. p.m.  temperatures  and 
pressures  were  made,  and  in  (i)  rake  total  head  measurements  were  taken. 

3.4  Results  of  Phase  2 tests 


The  relevant  results  are  given  in  Tables  7 and  8.  In  Fig, 8 
the  thrustmeter  measurements  for  runs  (i)  and  (ii)  and  the  thrusts  Xq.  derived 
by  the  conventional  total  pressure-thrust  relationship,  Equation  2 Appendix  2 , 
from  the  rake  total  pressures  in  run  (ii),  are  illustrated. 
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Pig, 9 shows  the  jet  pipe  temperatures  and  the  single  pitot  total  pressure 
values  for  the  two  runr. 

The  mean  difference  between  teat  bed  thrustmeter  measurements  X™  and 
those  derived  from  the  rake  total  pressure  values  Xq,  measured  simultaneously, 
is  above  11,000  r.p.ra.  Table  8, 

3,9  Discussion.  Part  of  the  difference  between  Xy  and  Xo  of  can 
be  attributed  to  the  drag  of  the  rake  which  is  included  m the  thrustmeter 
measurements. 

Rake  drag  = diiference  between  Xy,  rake  on  and  off, 
plus  rake  interference  on  thrust. 

The  difference  between  Xy  rake  on  and  off  taken  from  Pig. 8 is  2 Jt,  The 

interference  of  the  rake  can  be  estimated  from  the  single  pitot  readings  rake 
on  and  rake  off.  Fig, 9.  The  change  is  small  and  is  not  much  -treater  than  the 
accuracy  of  measurement.  However  the  change  is  significant  and  amounts  to 
about  per  cent  increase  in  thrust  due  to  the  presence  of  the  rake  at  higher 
r.p.n.  This  increase  is  confirmed  by  a very  snail  increase  in  jet  pipe 
temperature  between  the  two  runs. 

at  the 

Thus  the  rake  drag  will  be  2-^S,  giving  a drag  of  90  lb./ohoke  at  I.C.A.N. 
ground  conditions.  This  is  a reasonable  figure  for  a body  of  these  dimensions 
and  chord  thickness  ratio  of  4. 3. 

Since  the  rake  would  be  expected  to  give  (thrustmeter  reading  +•  rake  drag), 
the  discrepancy  between  actual  and  expected  rake  thrust  is  per  cent. 

This  discrepancy  has  been  verified  by  repeat  tests  on  another  Derwent 
engine,  and  a discrepancy  of  the  same  order  observed  on  an  axial  type  engine 
(unpublished  data). 

An  investigation  indicated  that  the  static  pressures  at  the  final  nozzle 
might  differ  sufficiently  from  the  assumed  theoretical  values  to  cause  this 
discrepancy,  and  Phase  3 tests  to  measure  these  static  pressures  were  therefore 
put  in  hand. 

4.  Hiase  3 tests.  Final  nozzle  exit  static  pressure  measurements  on  en-tine 
• installed  in  aircraft 


4.1  Introduction.  In  the  Phase  1 tests  only  final  nozzle  exit  total 
pressure  measurements  were  made  on  the  assumption  that  the  final  nczzle  static 
pressure  was  uniform  and  equal  to  the  theoretical  value.  Phase  2 tests  showed 
that  there  wa3  a discrepancy  between  the  pitot  rake  thrust  derived  on  this 
basis  and  the  balance  thrust,  which  was  ascribed  to  this  assumption  regarding 
static  pressure  being  incorrect. 

It  was  therefore  decided  to  make  measurements  of  the  final  nozzle  static 
pressure  under  the  same  ground  and  flight  conditions  used  in  Phase  1 »to  check 
the  magnitude  of  this  effect  and  to  enable  a thrust  correction  for  the  actual 
static  pressures  to  be  derived. 

At  this  stage  it  was  not  possible  to  make  the  static  measurements  on  the- 
same  engine  or  aircraft  as  neither  were  available.  The  original  flight  final 
nozzle  complete  with  rake  wars  therefore  fitted  to  another  Meteor  4,  and  some 
checks  on  engine  to  engi-.e  final  nozzle  static  pressure  variation  were  also 
obtained. 

For  the  ground  and  flight  measurements  of  static  pressure  the  static 
sources  used  were  a static  head  fitted  in  place  of  the  centre  pitot  on  the 
rake  and  two  wall  statics.  Measurements  were  initially  made  only  at  the 
centre  ar.d  wells  since  it  wus  thought  that  any  swirl  in  the  jet  would  adversely 
affect  the  accuracy  of  a static  head  at  any  other  position,  and  in  any  case 
an  appreciable  departure  frerr.  the  theoretical  static  pressure  was  not  expected. 
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The  rake  centre  static  was  calibrated  against  static  pressure  measurements 
made  at  the  well  of  a long  tube  suspended  along  the  jet  pipe  ax? 3 during  a 
ground  run. 

When  the  initial  ground  and  flight  tests  had  been  completed  it  was  found 
that  there  was  a considerable  difference  in  the  static  pressure  at  the  centre 
and  the  wall  of  the  final  nozzle,  and  that  it  would  be  necessary  to  knew  the 
approximate  static  pressure  distribution  between  these  points  to  establish 
the  required  correction.  The  rake  was  therefore  modified  by  the  replacement 
of  two  more  pitots  by  static  heads,  at  convenient  radii*  and  a final  ground  run 
made  to  measure  the  static  pressure  at  these  points. 

It  was  appreciated  that  the  accuracy  of  these  latter  static  heads  was 
likely  to  be  affected  by  any  swirl  in  the  jet  flow,  but  great  accuracy  was 
not  required  since  the  exact  distribution  of  static  pressure  had  a small 
effect  on  the  correction.  No  figures  of  the  swirl  likely  to  be  encountered 

VT oTc  aVaiiuu  1c  • 

4.  2 Description  of  instruments 

4. 2.1  Long  tube  for  calibrating  rake  central  static.  In  order  to 
measure  under  ground  running  conditions  the  true  static  pressure  at  the  centre 
of  the  final  nozzle,  for  calibration  of  the  rake  centre  static,  a long  tube 
was  suspended  along  the  axis  of  the  jet  pipe.  It  was  suspended  between  the 
centre  of  the  turbine  exhaust  cone  and  a support  downstream  of  the  final  nozzle 
(see  Pig.  1).  The  tube  was  stainless  steel  of  5"  O.D.  and  was  102  inches  long. 
The  upstream  end  was  sealed,  and  was  welded  into  a hole  at  the  apex  of  the 
turbine  cone.  The  downstream  end  ran  through  a sleeve  in  a streamlined 
stainless  steel  strut  which  was  bracketed  to  the  final  nozzle,  A compression 
spring  between  the  downstream  edge  of  the  strut  and  a washer  pinned  to  the  end 
of  the  tube  kept  the  tube  in  tension.  The  strut  was  1^  inches  thick,  having 

a inch  chord.  The  leading  edge  of  the  strut  was  located  15  x strut  thickness 
downstream  of  the  two  1/1 6"  D static  holes  drilled  in  the  tube  at  the  plane  of 
the  final  rozzle.  This  distance,  22^  inches,  was  chosen  as  giving  negligible 
interference  at  the  static  holes  upstream  (Ref.  5 ). 

A differential  pressure  gauge  was  connected  to  the  tube  which,  apart  from 
the  static  holes,  was  sealed. 

The  compression  spring  was  found  to  lose  its  temper  during  the  ground 
running  but  the  tube  was  sufficiently  stiff  to  remain  stable  and  without 
vibiration  except  for  a period  between  12,000  and  13>000  r.p.n. 

The  tube  was  a unit  with  its  turbine  exhaust  cone  and  in  order  to  fit  or 
remove  this  unit  the  engine  had  to  be  removed  from  the  airframe. 

4.2.2  Rake  static.  The  static  heads  fitted  to  the  rake  were  Vi  6" 
in  diameter  and  had  a hemispherical  head.  The  distance  from  the  two  1/16" 
diameter  static  holes  to  the  head  was  five  tube  diameters.  Fig.  2. 

The  two  wall  statics  used  were  as  described  in  para.  3.2,  and  were  on  a 
diameter  at  right  angles  to  the  rake  diameter. 

The  initial  calibration  and  flight  measurements  were  made  on  the  wall  an-i 
central  statics;  for  the  final  ground  run  two  additional  statics  were  added 
to  the  rake  ab  radii  of  4 and  6 inches.  The  same  correction  factor  was  used 
for  these  heads  as  was  derived  for  the  centre  static  head. 

All  static  pressure  measurements  were  made  on  differential  pressure 
gauges  (-3  to  +20  lb/sq. in. ). 

4.3  Outline  of  tests 


4.3.1  general.  The  aircraft  used  for  these  tests  was  Meteor  RA.438; 
the  condition  of  the  aircraft  was  not  relevant  to  the  tests. 


/The  engine.. 
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The  engine  used  for  the  calibration  of  the  single  pitot  against  the  long 
tube  was  Derwent  5 Ko.41  66.  The  ground  and  flight  pressure  measurements  were 
made  on  Derwent  8 No. 4905.  The  Mark  8 differs  mainly  from  the  Mark  5 in  the 
material  of  the  rotating  guide  vanes.  Other  differences  are  external  and 
there  is  no  relevant  change  of  nominal  thrust  or  internal  geometry. 

4. 3.2  Calibration  of  rake  centre  static.  With  the  long  tube  fitted  a 
ground  run  was  made  through  the  maxi  mum  r.p.m.  range  obtainable.  Readings  of 
static  pressure  were  taken  on  a differential  pressure  gauge  connected  to  the 
long  tube. 

To  reach  as  high  a Mach  number  as  possible  in  the  final  nozzle  a concession 
to  operate  up  to  15,250  r.p.n.  had  been  obtained,  subject  to  temperature 
limitations,  but  14,900  were  the  maximum  achieved. 

With  the  long  tube  removed  and  the  rake  fitted,  the  ground  run  was  repeated, 
through  the  same  r.p.m.  range.  The  static  pressure  at  the  centre  static  was 
recorded  on  a differential  pressure  gauge. 

4.3.3  Flight  measurement  of  final  nozzle  static  pressures.  The  static 
pressure  at  the  wall  and  centre  of  the  final  nozzle  and  the  single  pitot  total 
head  reading  were  recorded  at  each  of  the  flight  conditions  given  in  Table  1. 

4. Ground  measurement  of  final  nozzle  static  pressures.  On 
completion  of  the  flight  tests  the  rake  was  modified  by  the  addition  of  two  more 
static  heads  as  described  in  para.  4.  2. 2. 

A ground  run  was  then  carried  out  and  the  pressures  at  the  two  wall  statics 
and  three  static  heads  were  recorded.  The  pressures  at  the  single  pitot  and 
the  remaining  rake  total  head  tubes  were  also  measured. 

4.4  Results  of  phase  3 tests 

4.4.1  Ground  installed  static  pressure  measurements.  The  static 
pressures  measured  at  the  centre  of  the  final  nozzle  by  the  long  tube  and  the 
rake  centre  static  are  shown  in  Fig.  10.  The  correction  factor  for  the  static 
head  on  the  rake  derived  from  these  results  is  given  in  Fig. 11  which  also 
includes  a correction  estimated  from  Ref.  5. 

Measurements  at  the  centre  static  after  the  flight  programme  had  been 
completed,  using  a different  engine,  are  also  shown  on  Fig.  10. 

The  static  pressure  distribution  across  the  final  nozzle  on  the  final 
ground  run  is  plotted  in  Fig. 12.  Included  in  this  figure  are  similar  unpublished 
measurements  made  by  N,  G,  T.  E. 

4.4.2  Flight  static  pressure  measurements.  The  corrected  static 
pressure  in  the  final  nozzle  expressed  as  a ratio  of  the  mean  dynamic  head 
is  given  for  the  full  flight  programme  in  Fig. 13.  Wall  static  measurements 
made  on  the  test  bed  are  also  included.  The  wall  readings  given  are  the  mean 
of  two  wall  statics,  which  were  in  reasonably  close  agreement. 

The  method  of  correcting  thrust  estimated  from  pitot  rake  readings  due  t o 
departures  in  final  nozzle  static  pressure  from  the  conventionally  assumed  values 
is  given  in  Appendix  £,  In  the  one  dimensional  case,  it  consists  of  a factor 
A(/A^  which  is  a function  of  the  final  nozzle  static  pressure.  This  factor  has 
been  plotted  for  a range  of  nozzle  exit  static  pressures,  and  the  results  are 
given  in  Fig. 14. 

The  flight  and  ground  results  were  estimated  using  Fig. 14  and  the  measured 
wall  and  centre  static  pressures  of  Fig. 13  weighted  in  accordance  with  the  static 
pressure  distribution  of  Fig.  12.  Tne  resulting  corrections  are  shown  in  Fig. 15. 


/4.4 
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If. 5 Discussion  of  Phase  3 teats 

4.5.1  Calibration  of  central  static.  The  accuracy  of  the  calibration 
of  the  central  static  on  the  rake  depends  on  whether  vibration  of  the  static 
tubes  oould  be  affecting  the  static  pressure  readings  and  on  whether  the 
presence  of  either  the  long  tube  or  the  pitot  static  rake  affects  the  final 
nozzle  static  pressure. 

Concerning  the  effects  of  vibration,  the  static  pressures  using  the  long 
tube  as  a source  appear  consistent.  The  tube  remained  steady  over  the  engine 
speed  range  except  for  a period  between  12,002  and  13,000  r.p.m. , when  a 
lateral  vibration  of  about  \ an  inoh  developed.  The  pressure  recorded  did 
not  appear  to  be  in  any  way  affected  by  this  vibration  and  remained  consistent. 

The  mke  blockage  effects  wert  found  to  be  very  small  in  the  Phase  2 tests, 
while  the  central  tube  blockage  -will  be  smaller  still,  so  with  the  relatively 
small  rate  of  change  of  Pc  with  N/\/®7  (Fig.  10)  or  Hc/pQ  (Pig. 13)  calibration 
errors  due  to  blockage  can  be  considered  unimportant  for  the  accuracy  required 
in  the  present  tests. 

The  correction  factor  for  the  static  head  (Fig.1l)  unfortunately  does  not 
extend  to  very  high  values  of  local  Mach  number,  or  H5/P5,  although  the  maximum 
possible  r.p.m.  was  used  on  the  ground  runs.  This  is  due  to  the  fact  that  when 
Ryp0  approaches  the  choking  value,  the  high  static  pressure  at  the  oentre  of  the 
jet  means  that  the  Maoh  number  there  is  still  low.  Over  the  range  of  tests  the 
correction  faotor  agrees  to  1$  of  the  dynamic  head  with  the  factors  for  similar 
static  tubes  described  in  Ref.  5.  (See  Fig.  11 ). 

4.5.2  Disoussion  of  flight  and  ground  measured  static  pressures. 

The  results  plotted  in  Pig,  13  show  that  the  centre  static  pressures  are 
remarkably  high,  particularly  in  flight,  and  to  a less  extent  in  static  ground 
tests.  The  wall  static  pressures  agree  closely  with  conventional  theoretical 
values  above  the  choke,  but  are  naturally  influenced  more  by  changes  in  flight 
conditions  when  below  the  choke.  It  will  be  noted  that  there  are  appreciable 
ohanges  between  static  pressures  in  flight  and  on  the  ground  below  the  choke. 

Another  result  of  importance  to  this  report  is  that  the  central  statics 
measured  on  two  different  engines  and  shown  plotted  in  Pig, 10  are  in  very  close 
agreement  which  confirms  the  view  from  general  considerations  that  engine  to 
engine  final  nozzle  static  pressures  at  given  pressure  ratios  would  be  expected 
to  agree  substantially. 

The  static  pressure  distribution  across  the  final  nozzle  measured  on  the 
ground  runs  is  fairly  independent  of  jot  Maoh  nr  _^r,  and  agrees  reasonably 
with  the  N.G.T.E,  unpublished  results,  also  she.  ;.n  Pig,  12.  These  latter 
measurements  were  made  with  an  N.P.L.  pitot  static  head  in  a Derwent  5 flight 
final  nozzle  under  test  bed  conditions.  The  values  veiy  near  the  wall  are 
likely  to  be  incorrect  due  to  interference  and  have  not  been  shown. 

The  additional  c tubes  not  at  the  jet  centre  may  have  been  affected 

by  aiy  swirl  present  in  the  jet  flaw.  No  information  as  to  the  likely  magnitude 
of  this  swirl  has  been  obtained,  but  it  seems  unlikely  that  it  would  be  greater 
than  2 or  3°  which  would  have  a small  effect  on  the  static  readings , 

4.5.5  Corrcotions  to  Phase  1 rake  thrusts.  The  required  corrections 
to  the  thrusts  derived  from  rake  total  pressure  measurements  assuming  the 
theoretical  statio  pressures  in  the  final  nozzle  are  given  in  Pig,  15. 

The  oorreotion  increases  with  flight  Mach  number  and  decreases  with 
increase  in  total  pressure.  Thus  at  maximum  level  speeds  the  correction  is 
small,  about  in  gross  thrust. 

At  cruising  conditions  the  correction  is  larger,  of  the  order  of  2/t>,  and 
at  conditions  suoh  as  would  be  enoountered  in  a decelerated  level,  amounts  to 
about  6fo, 
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5.  Consideration  of  combined  tests 


The  individual  results  of  Phase  1 , 2 and  3 tests  have  been  considered  in 
detail  in  paragraphs  2,  3 arid  4.  Tc  compare  thrusts  under  flight  conditions 
estimated  from  single  pitct  with  fully  corrected  thrusts  estimated  from  pitot 
static  rake  measurements,  the  results  of  Phase  1,2  ar$.  3 must  however  be 
considered  in  conjunction.  It  is  therefore  proposed /summariae  the  individual 
results  which  will  be  used,  outline  the  method  of  combining  results,  and 
finally  to  present  and  discuss  the  results  of  the  combined  tests. 

5. 1  Summary  of  individual  results 

5. 1 . 1  Phase  1 tests.  Measurement  in  flight  and  on  the  ground  of 
single  pitot  and  pitot  rake  total  pressures  on  Derwent  5T 
No. 4045  in  Meteor  4 RA.4-20.  The  tests  covered  a range  of 
conditions  as  wide  as  possible,  which  are  summarised  in  Table  1 on  page  8. 

...  „ / — single  pitot  total  pressure 

These  tests  measured  tne  ratio  Hj./  H5  = mean  rSk'e  t~tai"^ss"ure"“'  • 

whieh  may  be  considered  as  the  single  pitot  "sampling  factor"  of  the  jet  final 
nozzle  total  pressure,  and  established  that  its  magnitude  has  small  but 
signifieant  changes  at  given  engine  conditions  between  ground  and  flight 
tests  and  between  flight  tests  at  high  and  lew  altitudes  which  would  affect 
the  single  pitot  method  of  estimating  flight  thrusts.  (Fig. 6).  The  testa 
also  demonstrated 

(1)  That  any  troughs  in  the  final  nozzle  total  head  distribution  due  to 
strut  wakes  did  not  have  any  serious  effects,  as  the  mean  total  pressures  at 
three  rake  positions  were  in  good  agreement  (Fig.5). 

(2)  No  significant  engine  deterioration  occurred  during  Phase  1 tests 

(Fig.5). 

(3)  The  air  intake  efficiency  in  flight  at  a given  Mach  number  (or  ra- 
ratio)  was  not  appreciably  affected  by  altitude  cr  sideslip  effects.  ' 

(4)  The  scatter  in  K4/  H5  of  single  observations  is  of  the  order  e +1$ 
except  in  flight  at  high  altitudes  when  it  increases  to  +_2  to  3£ 

(See  Appendix  3). 


5. 1 . 2  Phase  2 tests.  Measurements  made  at  the  request  of  A.&A.B.  B.  by 
Rolls  Ro.yce  on  a test  bed  to  compare  thrust  measured  by  balance, 
and  estimated  from  pitot  comb.  The  engine  was  Derwent  5 
No. 3381  which  was  fitted  with  the  same  final  nozzle  as  was  used  in  the  Phase  1 
tests. 


These  test3  demonstrated  that  the  drag  of  the  rake  was  of  the  order  expected 
and  that  due  to  the  presence  of  the  rake  the  engine  thrust  was  increased  by  •gl 
or  only  just  significantly.  (Pig. 8 and  9).  The  main  result  was  that  the  thrust 
estimated  directly  from  pitot  rake  readings  assuming  jet  exit  static  pressure 
equal  to  atmospheric  was  3^  higher  than  the  test  bed  balance  thrust. 

5. 1 . 3  Phase  3 tests.  Measurements  of  static  pressure  at  the  jet  final 
nozzle  exit  on  the  ground  and  in  flight.  The  measurements  were 
made  on  Derwent  8 No.4905  fitted  with  the  same  final  nozzle  as  was  used  in 
Phase  1 and  2 tests,  and  was  installed  in  Meteor  4 RA.438.  These  tests 
included  a calibration  of  static  tube  fitted  to  the  rake  at  the  jet  centre, 
flight  and  ground  measurements  of  wall  and  centre  static  pressures  and  measure- 
ment, on  the  ground,  of  the  static  pressure  distribution  across  the  jet  exit. 

The  main  results  were:- 

(l)  The  measured  calibration  cf  the  central  static  was  satisfactory  and 
agreed  to  Yfo  of  the  dynamic  head  with  other  published  work.  (Figs.  10  and  11  and 
Ref.  10).  Extrapolation  to  higher  final  nozzle  Mach  numbers  obtained  in  flight 
was  necessary. 
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(2)  Static  pressures  in  flight  and  on  the  ground  differed  markedly  from 
atmospheric  when  the  jet  was  not  choked,  the  centre  static  being  3C/o  of  the 
dynamic  head  above  ambient  atmospheric  in  seme  cases.  Above  the  choke  wall 
statics  agreed  with  the  theoretical  choked  values  but  the  centre  statics  were 
again  appreciably  higher.  (Fig. 13). 

(3)  The  measured  static  pressure  distribution  across  the  jet  exit  was 
not  markedly  affected  by  jet  pressure  ratio  and  agreed  with  seme  other 
unpublished  measurements  by  N.G.T.E.  (Fig. 12). 

These  results  showed  that  a pitot  rake  is  inadequate  to  give  an  absolute 
measure  of  thrust  and  must  be  backed  by  static  measurements.  Corrections  for 
measured  static  pressure  to  thrust  estimated  direct  from  pitot  readings  only 
(see  Appendix  1)  arc  given  in  Fig.  14.  The  results  also  showed  a change  of 
static  pressure  between  static  and  flight  conditions  which  would  affect  the 
single  pitot  method  of  estimating  thrust, 

5.2  Method  of  combining  results  to  obtain  fully  corrected  thrusts  for 
pitot  static  rake.  It  is  new  clear  that  to  obtain  fully  corrected 

thrust  directly  by  the  momentum  method  it  is  necessary  to  make  measurements  with 
a pitot  static  rake.  In  fact,  the  pitot  rake  readings  were  obtained  on  one 
engine  and  the  static  measurements  were  made  on  another  nominally  identical 
engine  with  the  seme  final  nozzle,  and  thrusts  from  the  pitot  rake  results 
obtained  can  only  be  corrected  for  static  pressure  cn  the  assumption  that 
variations  in  the  magnitude  and  distribution  of  static  pressure  between 
nominally  identical  engines  is  insignificant.  Ground  static  pressure 
measurements  at  the  jet  centre  on  twe  engines  shown  in  Fig.  10  are  in  very 
close  agreement,  while  equally  close  agreement  has  been  obtained  on  wall 
statics  measured  on  ground  tests  on  two  other  engines.  Hence,  bearing  in 
mind  that  appreciable  changes  of  static  pressure  are  required  to  affect  the 
thrust  significantly*  the  above  assumption  is  considered  justified  at  any 
rate  for  the  particular  installation. 

Further,  the  static  pressure  distribution  was  measured  on  the  ground,  so 
it  is  necessary  to  assume  that  the  distribution  is  similar  in  flight.  Since 
wall  and  centre  values  are  available  in  flight  the  error  introduced  on  this 
account  must  be  very  small  indeed. 

With  these  assumptions  on  static  pressure,  corrections  to  be  applied  to  the 
pitot  rake  measurements  tc  give  fully  corrected  rake  thrust  have  been  estimated 
from  the  flight  static  pressure  measurements  by  the  method  of  Appendix  2 and  are 
shown  in  Fig.  1 5. 

As  stated  in  paragraph  5.1.2,  thrusts  estimated  directly  from  jaitot  rake 
readings  assuming  exit  static  pressures  equal  to  atmospheric  were  3^  higher  than 
test  bed  balance  thrusts  measured  simultaneously.  Only  wall  static  measurements 
were  made  on  the  test  bed,  but  these  are  of  the  same  order  as  wall  statics  cn 
ground  tests  (see  Fig. 13).  Under  the  latter  condi tiens  the  static  pressure 
correction  would  reduce  the  3i>-  discrepancy  to  2/i.  Whether  this  2/  discrepancy 
is  the  sum  of  various  errors  in  the  measurements  including  windage  in  the  test 
bed,  or  is  due  to  sone  more  fundamental  difference,  has  not  been  established. 

The  assumption  has  been  made  in  presenting  thrusts  calculated  from  combined 
pitot  static  readings  that  they  are  basically  correct,  and  no  2/  reduction 
has  been  applied.  Such  thrusts  will  be  nominated  Xg. 

5.3  Thrusts  estimated  from  combined  results.  Values  of  Xjj  estimated  on 
the  basis  of  paragraph  5.2  are  included  in  Tables  2 - 5>  and  have  been  used  to 
estimate  single  pitot  effective  areas  Ap', 

/(defined.. 


jj-ip  =0.10  gives  2g  change  of  thrust  at  H/  Fc  = 1.4 
and  1/  change  of  thrust  at  H / P = 1,8 
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(defined  by  Af  - thrust  per  unit  area  given  by  single  pitot  ~ X(jp  ^ 

which  are  plotted  in  Fig.  16  against  H^/P0  and  in  Fig.  17  against  N/  . 

The  test  bed  calibration  for  this  single  pitet-jet  pipe  ccrabinaticn  is 
reproduced  from  Fig. 3 for  comparison  with  these  results.  It  is  usual 
practice  in  using  a single  pitot  in  conjunction  with  a test  bed  calibration 
to  assume  the  effective  area  to  remain  constant  above  the  highest  pressure 
ratios  reached  on  the  test  bed.  This  extrapolation  is  shown  on  K.g.  16. 
Values  cf  the  effective  area  at  high  total  pressures  for  a Derwent  5 engine 
derived  froa  measurements  made  in  the  Munich  altitude  test  chamber,  Ref. 6, 
are  included  in  this  figure. 


It  may  be  noted  that  change  in  Af ' between  calibration  and  test 
condition  by  definition  equals  % error  in  thrust  by  the  single  pitet  method. 


The  conventional  non-dimensional  relationship  for  jet  thrust  is  that 

=~  = ^1  ( -==  ,Vit  M)  or  f2(  -==  . 4l  ) which  however  neglects  chan  ~ -s 

po  JT  Po 

of  Reynolds  number  and  combustion  efficiency  with  altitude.  ?c  check  this 
relationship  measurements  cf  X^  made  at  M = 0.62  at  5 ,000  and  35,000  ft,  hav 
been  plotted  against  N/  in  Fig.  18.  It  has  been  demonstrated  in  para. 

2.5.5.  that  is  independent  of  altitude  at  fixed  M so  that  Xr/P0  for  the  wo 
heights  can  be  compared  directly.  Values  of  Xgp/Fo  are  also  plotted  in  Fi~. 1 8. 


In  Fig. 19,  measurements  of  Xp  made 
Mach  numbers,  are  plotted  in  the  form 

Xr 


Af 


1 


R01 


against  h/  /fej" 


5,000  and  35,000  feet,  but  at  sev-.ral 


in  which  form  they  are  thecreticclly 


independent  of  ram  ratio  above  the  choke.  The  derivation  of  this  parameter  is 
explained  in  Appendix  4.  Also  plotted  in  this  figure  are  the  test  bed  (balance) 
thrusts,  calculated  taking  Rqi  =1.0,  and  the  non  dimensional  perfoxmiar.ee  graphs 
for  the  Dorwer.t  5 engine  taken  from  the  Rolls  Royce  brochure  (Ref.lC). 


The  experimental  error  in  the  measurement  cf  Xp  and  Xqp  is  discussed  in 
Appendix  3 • 


5.4  Discussion  of  combined  results 


5. 4. 1 Errors  in  flight  thrust  estimated  x’rcn  single  pitot  with  a test 

bed  calibration.  All  single  pitot  effective  areas  in  the  ground 
run  and  flight  cases  in  Fig. 16  are  lower  than  the  test  bed  effective  areas  (except 
at  very  low  total  pressure  ratios  of  about  1,2).  This  shows  that  if  the  test 
bed  effective  area  is  used  under  these  conditions  the  thrust  would  be  over- 
estimated. In  general  there  appears  to  be  a steady  rise  in  the  actual  effective 
areas  under  flight  conditions  between  total  pressure  ratios  of  1.7  and  2.6,  the 
highest  value  reached  cn  the  tests.  This  ris-~  brings  the  actual  effective  areas 
into  better  agreement  with  the  extrapolated  tesu  bed  values  at  the  highest  total 
pressures  reached  at  35,000  feet. 

In  general  there  appears  to  be  little  Mach  Ao.  effect  in  the  values  of  Af 1 
at  the  same  altitude. 

At  a Mach  number  of  0.39  at  5,000  feet  there  is  approximate  agreement  between 
the  test  bed  and  flight  values  over  the  range  of  total  pressures  covered  in  the 
tests  and  there  is  little  difference  between  the  effective  areas  at  this  Mach 
number  and  the  results  at  a Mach  number  of  0. 62  at  5,000  feet,  where  they  can  be 
compared  over  a common  range  of  E^/Pq,  At  this  higher  Mach  number  the  difference 
between  test  bed  and  flight  values  increases  to_  Uj.  at  H5/P-J  of  1.6,  and  then 
decreases  at  higher  H^/P0,  being  about  2pp  at  A^/PG  cf  1.75. 
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At  a Mach  number  of  0. C 2 at  7 5 ,0C0  feet  the  error  involved  in  the  use  of  the 
te3t  bed  effective  areas  is  largest  and  is  of  the  order  of  5 - 6/  at  Hc/P0  values 
between  1.5  and  1.7.  Again  the  steady  increase  of  effective  area  with  increasing 
total  pressure  brings  flight  values  into  closer  agreement  with  the  extrapolated 
.test  bed  curve.  The  difference  is  snail  at  H5/P 0 values  of  2.5.  The  values  of 
effective  area  at  a Mach  number  of  0,  72  at  35,000  feet  are  in  general  agreement 
with  those  at  M = 0.62.  The  difference  between  the  flight  values  and  the 
extrapolated  test  bed  curve  deceasing  from  4 to  2 f.  approximately  over  the 
Kij/P0  range  of  1.9  to  2.  5. 

Measurements  made  in  the  installed  ground  case  show  that  the  single  pitot 
effective  area  under  these  condi ticns  is  in  approximate  agreement  with  the  test 
bed  calibration  at  values  of  to^aljoressure  cf  1.2,  but  that  as  Hj/Pq  is  increased 
a discrepancy,  amounting  to  37-  at  h'5/P0  = 1.3  and  5 / at  H5/P0  = 1.55,  is  encountered. 
This  difference  between  the  ground  installed  calibration  of  the  single  pitot  using 
a pitot  static  rake  ar.d  the  test  bed  thrustneter  calibration  is  dealt  with  below 
when  the  implications  cf  using  such  a rake  calibration  for  flight  measurements  axe 
discussed. 

The  2/  difference  between  test  bed  balance  and  rake  thrust  measurements,  would, 
if  applicable  in  the  ground  installed  and  flight  cases,  increase  the  percentage 
differences  detailed  above  by  2/. 

_ The  individual  contribution  to  the  error  in  single  pitot  thrust  of  changes  in 
H4/H5  end  changes  in  static  pressure  between  calibration  and  test  conditions  can 
be  examined  in  Figs.  6 and  15.  __  Above  the  choke  the  larger  part  of  the  error  is 
contributed  by  changes  in  %/  H5.  At  lower  pressure  ratios  it  is  more  difficult 
to  generalise  but  both  effects  are  appreciable. 

5.4.2  Errors  in  flight  thrust  estimated  from,  single  pitot  used  in 
conjunction  with  ground  installed  aalibration  against  rake 
thrust  XR.  Again  referring  tc  Fig. 1 6 , the  errors  in  thrust 

measured  in  flight  by  the  single  pitot  method  used  in  conjunction  with  a 
ground  installed  calibration  against  rake  thrust  Xp  will  in  general  be  less 
than  those  involved  when  the  test  bed  calibration  is  used.  This  is 
fortuitous,  and  is  accounted  for  by  the  fact  that  under  ground  installed 
conditions  the  single  pitot  samples  a total  pressure  corresponding  more  closely 
with  those  sampled  in  flight  than  on  the  test  bed.  (Fig, 6). 

Over  the  total  pressure  range  covered  cn  the  ground  run,  agreement  between 
the  single  pitot  ground  calibration  and  the  flight  values  is  within  1 or  2 per  cent. 

If  the  ground  calibration  is  extrapolated  above  the  highest  pressure  ratios 
obtained  assuming  Aff  to  remain  constant,  the  single  pitot  thrusts  would  be 
sensibly  correct  at  a pressure  ratio  of  1.6.  With  increasing  pressure  ratios 
the  single  pitot  thrust  would  become  progressively  low,  end  would  be  about 
low  at  Hiy/P0  = 2.  5- 

In  this  case  the  2u  difference  between  test  bed  balance  ard  rake  thrust 
measurements,  if  applicable  equally  to  ground  and  flight  conditions,  would  ncu 
alter  the  figures  quoted  above. 

5.4.3  Choice  of  abscissa  for  plot  of  Ar.1  The  single  pitot_eff ec  tive 
area  An 1 calculated  on  rake  or  test  bed  thrust  can  bp  plotted  against  H5/P0  or 

N/  ,/9^  . It  has  been  usually  considered  that  K^/Pc  is  the  more  logical  parameter. 
This  is  confirmed  in  Figs. 1 6 and  17,  where  the  spread  of  Af ' at  ary  engine  condition 
specified  by  H^/?0  is  less  than  the  saread  at  a condition  similarly  specified  by 
N/y§7.  It  is  therefore  not  proposed  tc  discuss  Fig.17. 

5.4.4  Check  on  non-dimensional  thrust  relationship.  Examination  *,-f 
Fig.18  shows  that  at  lower  r.p.m.  there  13  good  agreement  between  the  rake  thrust 
values  Xg/P0  at  5,000  and  35,OOC  feet,  but  with  increasing  r.p.m.  the  higher 
altitude  thrusts  fall  progressively  below  these  for  5,000  feet.  The  fall  eff 

in  gross  thrust  at  35,000  feet  compared  with  that  which  wculd  be  predicted  from 
the  5,000  feet  results  according  to  the  non  dimensional  theory  amounts  to  77-  at 
the  maximum  r.p.m.  reached  in  the  tests, 

/The  single.. 

* Or  H|/?0 
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The  single  pitot  thrust  XGP/PC  calculated  using  the  test  bed  effective  area 
also  demonstrates  this  effect,  but  less  clearly,  since  the  effective  are&3  used 
are  in  error  .and  mask  the  effect. 

Pig. 19  which  includes  additional  results  at  M = ,39  and  ,72  again  demonstrates 
the  fall  in  non-dimensional  thrust  with  altitude.  Comparing  measured  and 
brochure  figures,,  shows  that  the  brochure  figures  tend  tc  be  optimistic  at  high 
altitude  and  pessimistic  at  low  altitude.  The  engine  test  bed  thriists  are  in 
good  agreement  with  the  curve  at  a ram  ratio  of  1.0. 

This  fall  off  of  Xtj/P^  at  high  altitude  which  is  ascribed  to  changes  in 
Reynolds  number  or  combustion  efficiency  has  been  previously  noted  in  Refs. 7 
and  8. 

6.  Conclusions 

The  tests  have  demonstrated  that  the  assumptions  inherent  in  the  single 
pitot  method  of  estimating  gross  thrust  based  on  a calibration  of  the  engine  on 
a test  bed  are  not  quite  accurate.  Thus  changes  in  total  pressure  distribution 
between  test  bed  and  flight  conditions  result  in  single  pitot  sampling  errors  of 
up  to  3^  in  total  head,  equivalent  to  seme  5 $ in  thrust.  Again  changes  in  the 
magnitude  of  the  static  pressure  at  the  jet  exit  between  test  bed  and  flight 
•onditions  are  quite  large,  and  wculd  result  in  thrust  changes  of  up  to  3/* 

These  two  effects  are  additive  but  were  measured  on  different  engines.  There  are, 
however,  good  grounds  tc  conclude  that  the  single  pitot  method  based  on  a test  bed 
calibration  could  give  a thrust  error  of  up  to  6/.  Comparative  measurements  on 
a test  bed  showed  the  thrust  from  pitot  static  rake  readings  to  be  2/  higher  than 
thrust  measured  by  the  test  bed  balanoe.  Further  investigation  would  be  needed 
to  determine  the  cause  cf  this  discrepancy,  but  the  implication  is  that  total 
single  pitot  errors  quoted  above  my  be  increased  by  the  order  of  2 A further 
assumption  of  the  single  pitot  method,  that  above  the  highest  final  nozzle  pressure 
ratio  reached  on  the  test  bed  the  single  pitot  effective  area  remains  constant,  is 
also  not  quite  accurate;  in  faot  it  increases  slcwly. 

From  the  above  conclusions  it  follows  that  to  make  absolute  measurements  of 
thrust  by  the  momentum  method,  it  will  be  necessary  to  use  a pitet  static  rake. 

Such  measurements  of  total  and  static  pressure  on  a Derwent  5 in  a Meteor  A-  on 
the  ground  gave  a calibration  cf  the  single  pitot  at  least  as  good,  if  not  better, 
than  the  test  bed  calibration. 

Using  the  pitet  static  rake  as  an  absolute  measure  of  thrust,  it  has  been 
possible  to  cheok  the  effect  of  altitude  on  the  generally  accepted  non-dimensional 
relationship  for  the  thrust  of  jet  engines,  and  the  conclusion  reached  is  that 
there  is  a fall  off  in  non-dimensional  thrust  at  35,000  ft,  compared  with  5,000  ft. 
of  the  order  jf  T$. 

Other  detailed  conclusions  are:- 

(1)  Differential  pressure  gauges  of  differer -ft  ranges  for  high  and  low 
altitude  pressure  measurements  are  needed  to  obtain  good  accuracy  at  high 
altitude, 

(2)  An  adequate  calibration  of  static  tubes  can  be  estimated  fren  the 
literature  if  care  is  taken. 

(3)  The  development  of  an  integrating  rake  would  be  advantageous  for  use 
if  further  flight  rake  measurements  are  to  be  made. 

7.  Further  developments 

It  is  suggested  that  to  confirm  the  findings  of  the  present  report,  and  to 
provide  information  on  other  engine  types,  test  bed,  ground  and  flight  tests  with 
a pitot  static  rake  fitted  should  be  made  on  another  engine  type,  preferably  with 
an  axial  compressor.  The  use  of  an  integrating  rake  should  be  investigated. 
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Appendix  1 

Theory  of  thrust  estimation  from  monentum  measurement 


1.  The  thrust  of*,  a jet  engine  is  . normally  defined  as  the  change  in  momentum 
of  the  internal  flow.  The  planes  before  and  behind  the  engine  between  which 
the  momentum  change  is  measured  must  then  properly  be  taken  as  those  where  the 
static  pressure  of  the  internal  flow-  is  equal  to  the  ambient  static  pressure 


'•^z:Tr 


JZlZJ- 
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Hie  nett  thrust  is  then 

M6v6 

S * + 3 


% 3 “ 


M0Vo 
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where  M is  the  internal  engine  mass  flow,  the  plane  0 is  at  infinity  and  v0 
is  the  flight  speed,  and  the  plane  6 is  such  that  p£  » P0.  . 

For  a supersonic  jet, plane  6 may  be  taken  at  the  throat  (Ref.it-)  and 
(l ) beoomes 

% = - ^ ^ * (r6  - fo)  H ' 
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H6 


’here  ■ 7T77 


j£ 


2,  In  the  statio  case  VQ  * 0 and  the  nett  thrust  is  equal  to  the  gross  thrust, 


X = M£6 

8 


'+  :(p6  " po)  A6 


......... , (2) 


where  the  pressure  tern  is  zero  below  the  choke. 


This  i 3 the  thrust  which  is  measured  on  the  test  bed,  subject  to  minor 
effects  of  windage  over  the  engine  exterior  from  induced  flew  which  should  be 
negligible  in  a properly  designed. test  bed. 


If  it  is  assumed  that  the  static  pressure  in  the  plane  of  the  final 
nozzle,  P«j,  is-,equal  to  P0  below  the  choke  and  to  / (x  + — 1— - 


If  it  1b 

- - - - - - - - -r-  * 

a..a1  Aa  T»  V-vl  • 4-U  ^ 3 U / / Y , 4 

yw 

above  thevchoke , the  plane  6 is  then  at  the  final  nozzle,  5,  and 
X t -2“  + (?5  - po)  A5 

the  pressure  term  being  zero  be  low -the  choke. 


(3) 


This  may  be  shown  to  give  (as  in  ref, }) 
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from  which  ~ is  obtained  as  a function  of  55.  oriljfr  using  the  assigned  values 

ll'  ° ’ -I  P0  ;i  " ' 

of  P5. 

If  the  distribution  of  H5  is  non-uniform  over  the  final  nozzle  — may  be. 
obtained  by  integrating  (4)  ' over  the  nozzle  area. 


/3. 
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3.  Generally,  however.  Pc  - P0  is  found  to  have  higher  values  than  those 
assumed.  The  effect  of . this  will  be  for  the  .jet  stream  to  contract  further 
from  5 to  6 where  the  assumed -pressure  is  reached  and  there  will  be  a vena 
contracts  at  6. 

The  . thrust  which  will  be  measured  on  the  thrustmeter  is  given  by  equation 
. (2)  and  this  will  differ  slightly  from  that  derived  frcm  equation  (3;  by  an 
amount  arising  from  the  pressure  at  the  jet  stream  boundary  between  5 and  6. 

-=»  P0)  A5  » + (Fg  - Pc)  A6  + PdA  (5) 

6 

The  term  J PdA  will  be  associated  with  an.  equal -'external  drag  at  the 
5 - 

rear  of  the  engine,  

4«  In  flight  it  is  not  practical  to  make  measurements  in  plane  6 as  downstream 
of  tho  jet  exit  the  internal  and  external  flows  mix  and  it  will  not  be  possible 
to  measure  the  momentum  of  the  internal  flow. 

The  gross' thrust may.  however  be  derived  frcm  a pitot-static  traverse  in 
the  final  nossle  on  the  kaawaption  of  isentropic  expansion- with  no  mixing 
losses  between  5 and  6 and  this  is  the  basis  of  estimation  of  gross  thrusts 
c&laulated  from  pitot  static  measurements  used  in  the  present  report, 

has  been  derived  by  first  obtaining  Xg.  as  the  thrust  value  given  by 
equation  (A-)  with  the  usual  assumptions  as  to  static  pressure.  This  is 
equivalent  to  obtaining 
' ••  xApVr2 

% * + (P6”Po)^5  ..-(6) 

since  the  total  and  static  pressures  used  are  really  .those  corresponding  to. 

plana  £ (Hg  * H$). 

The  true  gross  thrust  is,  from  (2)  in  this  Appendix 

* ’ * <*K  - po>  H (7) 

So  that 

$ * t . w 

f •-  , 

Cie  area  ratio,  which  is  applied  as  a correction  to  Xq,  is  easily 
obtainable  from  consideration  of  isentropic  exoansion  from  conditions  Hr, 
P5toH6,  P6.  * '■  

The  expressions  obtained  are 
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■ ' /This  applies 
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This  applies  to  one  dimensional  flow.  In  the  present  tests  the  static 
pressure  across  the  final  nozzle  exit  is  not  uniform,  so  an  equivalent  mean 
static  has  been  estimated,  weighted  for  ■area.  The  error  involved  in  weighting 
static  pressure  for  area  rather  than  integrating  over  the  area  of  the  jet  is 
negligible' since  the  total . correction  is. of  the  order  of  a few  per  cent  of 
thrust.  ; j 

. j 

5.  Consider  now  the  single  pitot  method  of  thrust  measurement  in  the  light 
! cf  the  above  discussion.  A , 


5.1  Using  this  method  a pitot  tube  is  fitted  in  the  jet  pipe  upstream 
of- the  final  nozzle  and  a calibration  run  cn  a test  bed  made  in  which- this 
pitot  value,  H,  , and  the  static  thrust,  X^,  are  measured  over  the  r.p.m.  range. 
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The  relation  of  — v 


so  obtained  then  oroVides  a calibration  for  the 


o 0 

uncowled  static  case  of  gross  thrust  against  single  pitot  reading. 


To  apply  this  calibration  to  t^  installed  flight  case  an  ’effective  area' , 
Af'  is  derived  as  a functiori  of  H4  by  inserting  Hi  = He  and  the  measured 
- - ’■  . . p J 

value  of  Xj  in  equation  (4)  and  assuming  the  classical  theory  values  of  P5 » 
so  obtaining  Af’  as  the  resulting  value  of  Ac. 

This  effective  area  Af',  which  may  differ  from  the  final  nozzle  area  by 
up  to  the  order  of  10?i,  is  regarded  as  a calibration  of  the  single  pitot  which 
takes  into  account  the  discharge  coefficient  of  the  nozzle  and  any  position 
error  etc.  of  the  tube.  1 


In  using  it  for  the  flight  case  it  is  therefore  assumed  that  such  factors 
are  unchanged.  Further,  since  much  higher  values  of  ^\JYq  are  obtainable  in 
flight  at  high  altitude  than  on  the  ground  calibration  run  the  curve  of 

Af*  v _Jt  must  be  extrapolated  and  this  is  done  on  the  assumption  that  Af’ 


is  constant  above  the  critical  value  of 


Sfe-  = f.LtJ  '1  yT 

Pn  l 2 j 


after  which 


sonic  conditions  obtain  at  the  nozzle;  this  value  is  usually  just  reached 
on  the  test  bed  run." 


5.  2 Errors  in  the  derived  thrust  may  thus  arise,  fran  the  following  causes, 


(1).  A elation  -between  single  pitot  reading  and  mean 

final  nozzle  total  / H5  due  to'  the  different  intake  conditions  resulting 
from  installation  in  the  aircraft  and  to  Reynolds  number  effects.  These 
effects  nay  cause  differences  between  theground  installed  and  flight  cases. 


(2)  A change  in  the  exit  static  pressure,  i.e.  in  the  relation 

P5/P0  v Hj^/Pq  between  the  test,  bed  and  flight  cases;  this  would  correspond 
to  a different  contraction  ratib;  Ag/Aj  behind  the  nozzle.  It  would  be 

expected  that  with  increasing  flight  speed  (or  Vq/V^)  the  external  flow  would 
oause  an  increasing  contraction  and  hence  a higher  static  pressure  than  that 
on  the  test  bed, which  is  assumed  to  still  apply  in  the  application  of  the 
single  pitot  calibration. 

(3)  If  (as, has  been  found  for  the  Derwent  5)  the  total  and  static 
pressures  are  non-uniform  in  the  final  nozzle,  the  nozzle  flow  does  not  become 
uniformly  sonic  at 


in  this  particular  case  the  critical  pressure  ratio  was  not  reaohed  at  the 
centre  of  the  nozzle  until  Ht/P0 2.4.  The  flow  distribution  thus  does  not 
remain  uni form  above  the  critical  value  of  H^/P0  and  the  effective  area  for 
the  single  pitot  cannot  be  assumed  to  remain  constant  in  this  region. 


% _ /•£•+  1 


* 

-it— 

f-T 


= 1.85. 


* It  has  sanetimes  in  the  pest  been  the  practice  to  regard' Af’  as  a function  of 
N/  /©i  ; H ijv0  is  however  now  regarded  as  the  more  relevant  parameter  and 

this  is  supported  by  Figs,  16  and  17. 
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Appendix  2 


Method  :of  deriving  thrust  from  pitot  static  rake  measurements 


1 • Calculation  of  rake  thrust , 


It  is  shown  in  Appendix  1 that 

% jf  ■ 


o* 


The  factor  t—  is  obtained  fran  the  static  pressure  in  the  final  nozzle 

"5  , • ■ " 

as  in  paragraph  5 of  this  Appendix*  '■ 

Pran  Appendix  I;-. 


■S'*  *#  * ’ - 1 1 . <*, - *„•> 


I ' "/ 


where  = PQ  or  -..,.■2. ^ whichever  is  the  greater. 

i ^ . ' i + J i / 

■ 2 / ' - 


Then  taking  £ = 4/3 

.&  = 

Po  L'-Poi 


(3) 


below  the  critical  value  of  r*  = 1.85 

■ Fo 


and  X(j 


S =-1.259  S - 


above  this  value. 


Pran  equations  (3)  and  (4)  above  a plot  can  be  made  of  £_  against  ^5. 

i;  ' Po  P0 

;i 

Hence  for  each  pitot  value  of  Hc/F0  the  thrust  per  unit  area  x/P  can  be 
obtained,  from  the  plot.  ° 

Then,  considering  a pitot  at  radius  r the  value  of  l^hrust  for 

Po 

annulus  width  1 r at  that  radius,  assuming  uniform  circumferential 
distribution,  will  be 

2"  r.*r  . 


and  over  the  whole  area  of  the  final  nozzle 


Xg 


. The  integral 


f 

9 

P *r  r. 


G r«  dr  can  be  conveniently  obtained  by  a graphical 


method,  each  product  being  plotted  at,  the  corresponding  radius.  The  boundary 
layer  is  at  this  stage  neglected,  and  a correction  made  later.  The  area 
under  the  resulting  cutVe  is  the  required  integral. 

2,  Correction  to  thrust  for  boundary  layer  in  final  nozzle 

The  total  head  at  three .positions  close  to  the  final  nozzle  wall  (l/l6,  3/16, 
^ inph)  was  obtained  over  a range  of  r.p.m.  during  a ground  run. 

■ • I-  - , ; 

■ ■ /The., 


The  corresponding  values  of  x.r  have  been  plotted  in  several  of.  the 
"graphical  integrations  and  the  moan  value  for  the  loss  in  thrust  due  to  the 
boundary  layer  foind,  This  is  equivalent  to  n decrease  in  final  nozzle  area 
of  1,99?.  This  correction  has  been  made  to  all  rake  results. 

3.  Correction  for  expansion  of  final  nozzle 

It  has  been  assumed  that  the  increase  in  area  of  . the  final  nozzle  due  to' 
expansion  was  1,39?,  This  figure  is  based  on  a final  nozzle  texqperaiiure  of  500°C 
coefficient  of  expansion  13  x 10"®  ft/ft/°C,  This  will  be  the  approximate 
temperature  at  maximum  r.p.m.  The  error  at  other  speeds  will  be  very  small, 

^( This  is  the  value  used  by  Messrs._RoHa  Royee  in  similar  work  - Ref,  9) 

•*.  . r V -| 

4.  Correction  of  thrust  to  nominal  Vj//^o  . 

The  variation  of  . aircraft  speed  frctn  the  nominal  value  was  not  negligible 
in  some  of  the  tests,  especially  at  the  higher  altitudes,  and  a correction  has 
-been  derived  using  information 'from  the  Rolls'Ro'yoe"  DefWent- 5 brochure  (Ref.iO)r 

The  thrust  over  a range  of  N/./Sj"  was  established  from  ;,the  non  dimensional 
thrust  curve  for  the  various  nominal  teat  conditions  and  at  air-speeds  above  and 
below  the  nominal  test  conditions. 

The  variation  of  thrust  with  speed  was  then  assumed  to  be  linear  over  the 
small  intervals  considered,  and  the-  differential  V ^ X calculated. 

X dV 


Each  flight  thrust  measurement  has  been  corrected  to  the  nominal  test 
airspeed  using  this  information.  The  largest  correction  involved  was  2.7/i> 
of  thrust,  but  the  mean  correction  was  0.9/». 

Single  pitot  thrust  values  have  also  been  corrected  in  this  way,  and  the 
corrected  total  head  corresponding  to  this  corrected  thrust  is  tabulated  and 
used  in  this  report. 


Static  pressure  correction 


This  is  applied  as  the  factor  ~ in  equation  (Ijj,  is  derived  as 


of  this  At> 


,p^ix 


a function  of 


2L 


^ and  & 


U 

in  Appendix  1 and  plotted  in  Pig.  14. 


In  deriving  this  parameter  the  static  pressure  in  the  final  nozzle  is 
taken  to  be  uniform  and  in  applying  it  for  the  ’measured  static  pressures  an 
equivalent  uniform  static  pressure  was  first  obtained  as  the  mean  of  the  observed 
distribution  weighted  for  area, 

y.. 

' - ■*  ■ ' . ' 

f-  In  the  flight  tests  static  oressures  were  only  measured  at  the  centre  and 
wall  of  the  final  nozzle  (Fig.  13).  Intermediate  positions  were  obtained  an 
ground  runs  however  (Fig.  12)  and  the  required  mean  for  these  readily  obtainable. 
For  the  flight  results  the  static  pressure  variation  across  the  nozzle  was 
assumed  to  be  similar  and  the  mean  value  taken  to  bear  the  same  relation  to 
the  centre  and  wall  values  as  on  , the  ground  runs. 


The  corrections  derived  in  this  way,  which  have  been  applied  to  the  rake 
thrust  Xq.  to  give  the  fully  corrected  rake  thrust  Xr,  are  shown  in  Pig. 15  for 
the  ground  and  flight  conditions  at  which  the  tests  were  made. 


A check  has  been  made  on  the  accuracy,  of  taking  a mean  static  pressure 
weighted-for  area.  This  was  done  by  using  Pi g. 14  to  correct  the  value  of 
thrust  per  unit  area  derived  from  each  of  the  single  pitots  for  the  measured 
static  pressure  at  that  radius,  and  integrating  the  resultant  values  across  . 
the  final  nozzle  area.  The  thrust  correction  thus  derived  was  in  good 
agreement  with  that  giJven  by  the  simpler  me  thou  Used.  \ 

:| 

' il 


Appendix  3 , 

■ ’!  ii 

_■  ’i  >• 

■Possible  source 3 of  observed  soatter  in  thrust  >! 

: deri  vsd  from  total  pressure  measurements 

1.  Differential  pressure  gauge  !i 

The  instrument  seleotad  foi*  the  . pressure  measurements ' in  these  tests  was  a 
two  pointer  sensitive  differential  pressure  gauge  of  range  -3  to  +20  lb/sq.in. 

The  gauge  is  temperature  compensated  and  the  auto-observer  was  heated, 

•the  temperature  being  usually  between  5 and  15°0.  The  instruments  used  were 
frequently  calibrated  end  no  sudden  changes  -in  instrui^nt  error-  encountered. 

The  mean  lag*  was  about  6.03,  and  the  maximum  0,10  lb/sq.in.  The  gauge 
could  be  read  to  a nominal  0,02  lb/sq.in.  The  accuracy  of  the  gauge  would  be 
expected  to  be  about  0,1  lb/sq;in. 

The  pressure  ranges  required  were  as^followsi"'  - 

Ground  run  2.3-10  lb/sq.in. 

5,000  ft.  ”2.4  - 12  lb/sq.in. 

40,000  ft.  1.5  - 4.3  lb/sq.in. 

' ' - 1 - Y>  ... 

The  error  in  thrust  for  a 1$  error  in  dynamic  pressure  is  given  in  Table,  9 
and  is  approximately  0.9J*S  over  th,e  working  range  of  total  head  values. 

1 . :i  ’ - 

Thus  for  the  ground  runs  and  5,000  ft.  flights  the  instrument  errors  should 
not  cause  random  scatter  of  any  significance.  At  high  altitude  however  the 
maximum  error  of  a single  observation  could  be  6$  at  the  lowest  total  pressure 
decreasing  to  at  the  higher  values. 

In  any  future  single  pitot,  and  rake  measurements  the  use  of  an  accurate  . 
pressure  gauge  of  a smaller  range  is  reconmended  for  high  altitude  measurements 
in  conjunction  with  a gauge  of  the  type  used  for  use  at  low  altitude.  Seme 
automatic  switching  device  might  be  necess  ary  to  protect  the  low  range  instrument 
from  high  pressures  at  low  altitudes.  It  is  possible  that  an  A.S.I.  with  a 
suitable  pressure  range  could  be  used  at  high  altitudes. 

2.  Engine  speed  indicators 

The  accuracy  of  these  instruments  is  quoted  as  1?j  of  full  range  corresponding 
to  a possible  error  at  high  r.p.m.  ^ Since  the  change;  "of  thrust  for  one'  per 
cent  change  in  r.p.m,  rises  to  about  3i£  at  high  r, p.n,  , this  could  introduce  a 
scatter  in  the  results  comparable. 'with  that  possible  from  the  pressure  gauge  at 
high  altitude. 

...  The  actual  scatter  of  the  thrust  values  obtained  is  of  the  order  of  0% 
throughout  the  total  head  range  at  40,000  ft.  and  about  2^  at  5,000  ft. 

This  latter  figure  can  be  considered  satisfactory  when  these  two  possible 
sourees  of  error  are  considered  but  the  increase  in  scatter  at  40,000  ft. 
then  seems  excessive.  . 

.r  ’* 

3»  Other  sources  of  error 

Other  possible  sources  of  error  in  the  tests  are  in  the  unsteadiness  .of 
flight  conditions  during  the  period  when -a  set  of  readings  was  being  taken  and 
possible  malfunctioning  of  the  selector  box,'  

’ - ■ 


Defined  as  difference  in  reading  of  a vibrated  instrument  at.  the  same  spoiled.: 
differential  pressure  calibrating  first  with  differential  pressure  increasing 
and  then  deoroasing. 


3.1  Daring  a set  of  readings  sane  variation  in  A.  S.  I. , /height  and  r.p.m. 

did  in  fact  occur,  particularly  at  high  altitude.  However  during  the  30  second 
reading  period  each  pressure  .was  reed  3 times  at  10  second  intervals  and  the  mean 
value  was  ascribed  to  the  mean  flight  conditions  so  "that  the  final  'error  involved 
would  be-  considerably  less  than  that  due  to  the  overall  change.  The  biggest 
change  was  in  r.p.n.  whore  the  mean  variation  during  a set  of  readings  was  40 
and  the  maximum  1 00.  The  resultant  error  should  generally  be  negligible. 

3.2  A further  source  of  error  in  the  pitot  rake  results  is  the  selector 
box.  It  will  be  seen  franPig.18  that  the  scatter  of  the  thrust  values  at 
35*000  feet,  estimated  fran  the  rake,;is  rather  higher  than  those  from  the 
single  pitot.  This  may  be,  in  part  at  least,  due  to  malfunctioning  of  the 
selector.  This  was  grounl  cnecked  at  interv^xa  for  satisfactory- operation  of 
the  valves  but  their  pantinued  satisfactory  operation  at -high  altitude  could  not 
be  entirely  verified,  " A check  was  made  however  on  the  initial  flights  by 
duplicating  the  pressure  recorded  at  one  rake -pitot  as  a1  continuous  reading  on 

another  gauge  and  satisfactory  agreement  with  the  selector  gauge  found. On  . . . 

several  occasions  a tube  ’was”' ’'found-' to  be  giving  grossly  inconsistent  readings, 
the  trouble  being  located  in  a faulty  valve  which, was  rectified.  On  such 

'occasions  the  relevant  pressure  was  obtained  by  interpolation  from  the  adjacent 
tubes,  if  the  faulty  tube  was  one  of  those  near  the  centre  where  pressure  errors 
would  contribute  little  to  errors  in  the  integrated  thrust  value.  Otherwise 
a repeat  Jest  was  made. 

While  some,  such  device  is  necessary  for  these  measurements  in  an  aircraft 
where  auto-observer  space  is  restricted  it  would  be  very  desirable  where  possible 
ih  such  tests  to  have  a separate  gauge  for  each  tube  or,  if  only  mean  total 
pressure  is  required  for  thrust  estimation  and  not  necessarily  the  actual 
distribution,  to  use  an  integrating  rake  recording  continuously  on  a single 
gauge  (Ref.11).  1 


Appendix  A, 


Derivation  of  the  function  Af  Po 

Sol 


+ 1 


The  usual  non  dimensional  theory  states  that  the  non  dipensional  thrust 
is  a function  only  of  II  and  the  ran  ratio  ?i  , In  order  to  compare  the 

gross  thrust  of  an  engine  measured  in  fli/dit  over  a range  of  N_  at  several 


ran  ratios  £l_  , to  choclc  the  ^validity  of  the  above  assunptio'n^it  is  desired  ;■ 

?0  '•  " ;•  : . , 

to  find  sene  function  of  the  gross  thrust  which  is  independant  of  the  ran 

ratio  and  varies  only  ■with  N . 

. \/®i 

This  oan  be  done  above  the  final  nozzle  choke  as  follows: 


7iV 


■:>  1 Consider  an  engine,  on  a stand,  running  at  or  above  the  choke,  there  being 

an  evenly  distributed  pressure  Pi  oorre spending  to  the  ran  pressure  around  the 
intake  and  engine,  the  engine  exhausting  to  a pressure  Po. 

Then  if  the  choke  occurs  at  the  final  nozzle  the  f croe  P neasured  on  the 
stand  will  be 


= m5  v5 
G 


+ if  (P5  - P0)  - Af  (?1  . pq) 

Assuning  zero  intake  acnentun 


Therefore  if  Pi  - * ,vj>. 

?i  G 


S».  - 


. 1 


(D 


At  pressure  ratios  above  that  at  which  the  final  nozzle  chokes  P5  and 
M*5  v5are  directly  proportional  to  ?i , so  that  at  ary  particular  M the  expression 

■ v/^T 

p will  be  unique  far  any  ?i  and  independent  of  Pc 

Af  Pi  . 


Now  the  gross  thrust  X = He  vc  , , ^ , 

-2—2  + “f  (Pc  - P„) 

is  J 


if  Pi,  A f Pi 


“ ft  " *0  \ = -r~r 
\“Ti j .-f,2q 


+ 1 


- 1 , where  Rd  a Pi 


Sol 


Po 


which  ftroo  (l)  is  independent  of  Roi  above  the  ohoke 


Hence 


Af  Po“ 


+ 1 


Roi 


iB  independent  of  Pi 

% 


above  the  choke,  and  when  plotted  against  N the  values  of  this  funotion 

ysr  * 

shouldlie  on  a unique  curve  if  the  assumptions  of  the  nonr-dinensional  theory 
are  correct.  Below  jj.be  choke  measurements  at  various  ram  ratios  should  be  on 
a series  of  unique  curves. 


In  practice  the  funotion  is  plotted-  a3 


Af^o 


+ 1 


This  being  a 


Hoi 


oonviont  f earn  when  the  single  pitot  aflfoottve  area  If  is  assumed  constant  above 
the-  choke. 

1 i,  /Then.... 


- 2.- 


Then  by  tl»  noantua  theory  X Hj,  1 (Appalrilx.2) 

***  O \ !P r 


and  we  have 


X 


+ 1 


t.259  St  , 


In  this  case  a value  of  Af1  a 188  sq.  ins.  has  been  used  when  plotting 
this  function,  this  dorresponding  closely  to  the  value  of  the  effective  area 
of  187  sq.  ins.  obtained  for  the  test  engine  at  the  choke  (Pig.  3)  and  being 
the  . value  used  in  the  Rolls. Rqyoe  brochure  in  the  plot  of  this  function  as 
being  a typical  value  of  the  affective  area. 
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Derwent  5 
Engine  No.  4045 


Po  = 29.59"  Hg. 


Soils  Royae 
Turbine  Test  Dept. 
18.11, 4-9. 

Hof:  Lov/FG/lH  2/OT 
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Hi  -P 
4 0 

K 

YCP 

Po 

XT 

lb. 
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fiifM 
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Sr 

10110 

Inches 
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5.20 

1.1758 

47.52 

Thrus 

Measu 

985 

t 

red 

67.85 

1.428 

48.05 

1.178 

.998 

10610 

6.10 

1.2061 

55.11 

1135 

78. 05 

1.417 

- 55.25 

1.207 

.999 

11120 

7.12 

1.2405 

63.63 

1290 

88.8 

1.395 

: 62.85 

1.237 

1,004 

11620 

8.35 

1 . 2821 

73.60 

I486 

102.2 

1.390 

72.35 

1.277 

1.004 

12130 

9.85 

1.3325 

85.49 

1710 

117.8 

1.378 

■ 83.4 

1.324 

1 . 007 

12630 

12.08 

1.408 

102.64 

1976 

136.0 

1.328 

I'.  96.25 

1.379 

1.021 

13130 

14.40 

1.486 

119.62 

2267 
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1.307 

'110.4 
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1.028 

13630 

17.30 

1.585 

140.24 

2645 

182.2 

1.299 
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1.531 
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14U0 

20.20 

1.683 

159.69 

2993 

205.9 
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145.75 

1.613 

1.044 

14630 

23.65 
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3421 
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1.297 
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248.0 
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1971. 
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1.329 
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1493 
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1.401 
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6.08 

1 . 2055 
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1133 
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.998 
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1 . 1 740 

47.05 
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983 

3-t. 
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.997 
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7.05 
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1 . 002 
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1.383 
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1.322 
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25.00 
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1.796 
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135.7 
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■ 11600 
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.998 

10590 
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1115 

77.0 
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169.6' 

1.736 

1.043 

Ref.  Lov/JG/LH.  13/EL^  21.8 
Flight  r'iml  Noi^le:  No  Rake 


RoILs  Royne  Calibration  Derwent 

Ref.  Lov/fg/lH.  13  BLP 


GENERAL  ARRANGEMENT  OF  PITOT  RAKE. 


PLOT  OF  RAKE  THRUST  DURING  GROUND  RUN  AGAINST  FOR 

THREE  RAKE  POSITIONS. 


! 5, EFFECT  OF  PRESENCE  OF  PITOT  RAKE  ON  JET  PIPE 
IjJ' TEMPERATURE  & SINGLE  PITOT  TEST  BED  RESULTS 
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FINAL  NOZZLE  EFFECTIVE  AREA  Aj  OBTAINED  FROM  CALIBRATION  OF  SINGLE 
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